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ABSTRACT 
The transient nature of a flame can be quantified by performing spectral and oscillatory analysis of 
its parameters, such as ƚŚĞĨůĂŵĞ ?Ɛ luminance and temperature. This paper presents an assessment 
of the effect of an oxyfuel environment on the combustion of two different solid fuels, a high volatile 
bituminous coal and a white wood biomass, in a 250 kWth pilot-scale combustion test facility. A 
digital flame monitoring system was fitted to the experimental furnace, and was used to record high 
speed videos of the flame. Transient signals for both digital luminance and temperature were 
obtained after the instantaneous frames were extracted from the original videos. Spectral analysis 
was performed over the transient signal in order to analyse the temporal coherence of the flame 
through a weighted oscillation frequency value. An additional parameter, the oscillation index, which 
accounts for the amplitude of the oscillation of the flame, was computed to complement the 
information recovered from the flame. The oscillation trends obtained from these experiments 
assess the dynamic response of the flame to different combustion environments within the furnace. 
In general, it was found that oxyfuel flames showed a discernible temporal repeatability and a lower 
magnitude of the oscillation of their flame parameters, and therefore are registered as being more 
stable than their counterpart under air combustion conditions. In addition, the biomass flames 
exhibit less sensitivity to the oxyfuel combustion environment than what was found with coal, which 
may allow future oxy-biomass regimes to operate under a much wider envelop of firing conditions. 
 
1. Introduction 
The combustion of fossil fuels, such as coal, currently meets the majority of the global energy 
demand [1]. However due to the significant proportion of the worldwide greenhouse gas emission 
directly associated to its usage, further improvements to the efficiency and control of the 
combustion process are needed, as well as the implementation of less carbon intensive fuels under 
the same infrastructure[2], [3]. In addition, novel technologies such as carbon capture and storage 
(CCS) have been developed in an effort to achieve a low-carbon process that maintains the benefits 
of fossil fuel usage [4], [5]. Oxyfuel combustion is a very promising CCS technology, where the air in 
the combustion process is replaced with a mixture of recycled flue gas and oxygen producing a high 
CO2 outflow that can be effectively processed for long term storage or utilisation. The adjustment of 
the combustion environment within the boiler resulting from the high CO2 concentration will modify 
the flame characteristics from a fundamental level, and therefore it is important to properly 
evaluate the changes of the flame that occur with different flue gas recycle schemes [6] W[9]. 
A solid-fuel flame is often characterised by its physical parameters, such as the flame size, shape, 
luminance and temperature. The oscillatory behaviour of a flame can be quantified by spectral and 
amplitude analysis for the instantaneous variations of the previously referred flame parameters [10]. 
A flame is usually considered to be stable across its parameters if the quantified variations of them 
does not induce flame blow off or flash back into the burner [11] W[13]. 
Digital imaging systems provide a non-intrusive method to quantify the flame parameters, and have 
been widely used through a range of fuels and combustion conditions [14]. The spectral analysis 
methodology over the flame parameters have been previously applied to both premixed and 
diffusion gas flames [15], [16]. A similar technique was then adapted for a wider range of fuels, such 
as heavy-oil [17]. In parallel, a similar approach was used to characterize solid fuel flames, such as 
pulverised coal under air [18] W[20], and lately under oxy-combustion conditions [21]. In addition, 
spectral analyses have been successfully used within computational fluid dynamics models to assess 
the oscillation mechanisms of swirling flows and combustors [22], and their impact on the predicted 
flame stability [23], [24]. 
The combustion of biomass, either as a primary fuel or as a part of a fuel blend, has been advised as 
an effective way to decrease the environmental impact of power generation [25] W[28]. In addition, 
the association of CCS technologies to biomass combustion (BECCS), if properly managed, offers 
negative CO2 emissions to the atmosphere, increasing its relevance as an alternative to decrease the 
current CO2 concentration to the pre-industrial levels as prescribed in international climate change 
agreements [29] W[31]. Flame imaging techniques have been used to assess the stability of the 
combustion process in terms of its oscillation and the displacement of the ignition point for different 
biomass fuels on an industrial-scale furnace [32]. Special attention has been given to analyse coal-
biomass blends and its impact on the flame stability and to the boiler operational limit through 
different methodologies, including flame imaging [8], [15], [33] W[35]; however, the research 
published on the effect of the oxyfuel environment to the biomass combustion has been focused on 
the ignition temperature and burnout over an entrained flow reactor [36] W[38].  
This paper presents the results of an experimental campaign undertaken for coal and biomass under 
air and oxyfuel conditions on the solid combustion test facility at the UKCCSRC Pilot-scale Advanced 
Capture Technology (PACT) Core Facilities. A detailed description of the experimental facilities is 
presented in Section 2. Four different combustion scenarios were tested for each fuel, consisting of 
an air-fired and three oxyfuel cases with oxygen enrichment levels of 24, 27 and 30-vol% of the 
combustion gases fed to the furnace. The details of each case are discussed in Section 4. Spectral 
and oscillation analyses were performed after equally extracted sets of frames consisting of 8000 
RGB images; the methodology for this purpose is introduced in Section 3. The results obtained from 
the experiments are discussed in Section 4. Finally, a summary of the findings and the conclusions of 
this research are presented in Section 5. 
2. Experimental facilities 
The experimental campaign was performed at the UKCCSRC Pilot-scale Advanced Capture 
Technology (PACT) Core Facilities, located in South Yorkshire, UK. The PACT 250 kW air/oxyfuel 
Combustion Test Facility (CTF) consists of a down-fired, cylindrical furnace, which is 4 m in height 
with a 0.9 m internal diameter. A frontal view of the furnace is shown in Figure 1. The furnace is 
assembled from eight sections, which are 0.5m in height, with each section internally lined with a 0.1 
m thick layer of refractory material. The test rig is designed to be capable of allocating both intrusive 
and non-intrusive probes by providing each section with a wide range of measuring ports. The 
furnace is operated under a low induced draft by coupling a centrifugal fan to the exhaust pipe. 
  
Figure 1. Digital representation of the combustion test rig and the digital imaging system. 
The furnace was fitted with two different scaled versions of commercially available low NOx burners, 
one for each type of fuel. A 250 kWth burner manufactured by Doosan Babcock was used for the coal 
combustion cases, while a 250 kWth burner by General Electric was installed for the biomass 
combustion tests. Both burners were designed to produce a swirled flame by directing the oxidant 
fluid and the fuel through an arrangement of three concentric annular sections, each of them 
containing a fixed-blade array. The fuel is carried by a small portion of the oxidant through the inner 
annulus, referred as the primary channel, while the remainder of the oxidiser is introduced to the 
furnace through the secondary and tertiary annuli. The different internal configuration of the 
burners, from which each company is proprietary, allows the rig operator to adjust the ratio of 
oxidant flowing through the secondary and tertiary as well as the angular momentum as required. 
 
3. Methodology 
An image based system was employed for the quantification of the flame stability. The system 
comprises a water-cooled optical probe fitted with a wide angle lens used to guide the perceived 
light into the complementary metal-oxide-semiconductor (CMOS) sensor of an industrial type RGB 
camera. The CMOS sensor is embedded into an integrated circuit and coupled to a personal 
computer installed with a dedicated software that is then used to record videos of the flame. The 
system has the capability to modify the sample speed from which a series of still RGB images, or 
frames, are captured and merged into a video.  The maximum recording speed of the optical array is 
265 frames per second with a resolution of 320ൈ256 pixels. 
The series of still RGB images are extracted from the recorded videos. Each frame consists of a 
matrix array of size MൈNൈ3 where M and N are the number of pixels in width and height of the 
image and 3 is the number of colour channels from which the light spectrum is divided and recorded 
by the camera sensor. The colour channels obtained from the image are red, green and blue. Each 
channel matrix consists of evenly quantized 24-bit values for each location (pixel) within the region 
captured by the camera sensor. Three different approaches were used for the flame stability 
assessment using the same set of frames. The first approach is based on the brightness of the flame, 
represented as the digital luminance value, which is largely associated with the motion of 
combusting char particles [32]. The second approach employs the temperature value computed by 
the two colour method [40], accounting for all of the volume contained within the flame region, 
including the possible volatile and char combustion oscillatory effects, as well as those of their 
derived highly radiant products, such as soot particles. Finally, an overall oscillation index is 
computed after the whole light spectrum captured by the camera and the magnitude of the 
variations in the colour hue, intensity and saturation from the images [41]. Spectral analysis for the 
first two methods is performed in order to assess the repeatability of their correspondent 
parameters, accounting for the flame temporal dynamics, while the last method blends the transient 
variations and the magnitude of its parameters into a single comprehensive term that reflects the 
severity of the oscillatory behaviour of the flame. 
3.1. Digital luminance 
The digital luminance, ܻ, for each pixel in the matrix array was calculated using the weighting 
expression: ܻ ൌ ߙH?ܴ ൅ ߙH?ܩ ൅ ߙH?ܤ (1) 
 
where ܴ, ܩ and ܤ are the quantized values for each pixel in the primary colour channels, red, green 
and blue respectively, from which the light spectrum was captured by the installed camera. The 
values for the weighting constants are set up as ߙH?ൌ  ?Ǥ ? ? ? ?, ߙH?ൌ  ?Ǥ ? ? ?and ߙH?ൌ  ?Ǥ ? ? ? [42]. 
 
3.2. Temperature 
The temperature estimation of the flame was performed using the relationship between captured 
colours proposed by Lu et al. [40]. In this study the red-green relationship is employed: 
ܶ ൌ ሺܥH?ሻ ൬  ?ߣH?െ  ?ߣH?൰ ܴܩ ൅  ܵ ൅  ൬ߣH?ߣH?൰H? (2) 
 
where ܥH? is the sĞĐŽŶĚWůĂŶĐŬ ?ƐĐŽŶƐƚĂŶƚ ? ? ? ? ? ? ?ǆ10-2 mK; ߣH? is the peak wavelength of the red 
spectrum, 615 nm; ߣH? is the peak wavelength of the green spectrum, 540 nm; ܴ is the value for each 
pixel in the red channel; ܩ is the value for each pixel in the green channel and ܵ is the apparatus 
factor, obtained experimentally [40], [43] and is given by, 
ܵ ൌ ሺ ?Ǥ ? ? ? ?ሻ ൬ܴܩ൰H?െ ሺ ?Ǥ ? ? ?ሻ ൬ܴܩ൰ ൅  ?Ǥ ? ? ? (3) 
 
3.3. Power spectral density and the characteristic oscillatory frequency 
Arithmetic mean values of the pixels for each approach are computed, assigning a single value to 
every frame. The transient variation of the mean values for the computed parameters is then 
converted into a signal. 
The dynamic nature of the flame is then characterized by constructing the frequency spectrum after 
each parameter signal. The power spectral density for every frequency band is derived from: ܲሺ݂ሻ ൌ  ?݊H?ቀܨܨ Hܶ?ೞሺ݂ሻቁH? (4) 
 
where ܲሺ݂ሻ is the power spectral density value, ܨܨ Hܶ?ೞሺ݂ሻ is the fast Fourier transform of the ݊H? 
sampled points parameter signal. The value of ܲሺ݂ሻ at ݂ ൌ  ?, commonly known as the DC 
component, is not taken into account as it is not associated to the dynamic nature of the flame [44]. 
Even though the frequency spectrum reveals the fluctuating behaviour and temporal coherence of 
the flame in terms of a relevant parameter, it is important to note that the overall oscillation of the 
flame comprises an intertwined accord of all of the frequencies from which the whole spectrum was 
divided. A weighted-average value for the contribution of each frequency band has been calculated 
as the characteristic oscillatory frequency for each parameter using the following expression: 
ܨ ൌ  ? ሾ Hܲ? ? H݂?ሿH?೑H?H?H? ? Hܲ?H?೑H?H? ?  (5) 
 
 where ܨ is the characteristic oscillatory frequency, Hܲ? and  H݂?are, respectively, the power spectral 
density and the frequency of the ݅th band within the constructed spectrum, and ݊H? is the number of 
bands from which the constructed spectrum was divided. The characteristic frequency ܨ, as a 
weighted value, represents the repeatability of a flame parameter oscillation in the temporal 
domain.  
3.4. The oscillation index 
An overall oscillation index of the flame, with a range between 0 and 1, is introduced after the pixel 
values are obtained from the recovered frames. The RGB values are converted into the hue, 
saturation and intensity (HSI) of the image in order to dissociate the intensity variations from the 
colours. The HSI pixel values for each image are calculated as follows [45]:  
ܪ ൌ H?H?ቌ  ? ?ሾሺܴ െ ܩሻ ൅ ሺܴ െ ܤሻሿሾሺܴ െ ܩሻH?൅ ሺܴ െ ܤሻሺܩ െ ܤሻሿH? H? ቍ  ? ? ? ?൘ 	ܤ ൑ ܩ (6a) 
 
ܪ ൌ  ? െ H?H?ቌ  ? ?ሾሺܴ െ ܩሻ ൅ ሺܴ െ ܤሻሿሾሺܴ െ ܩሻH?൅ ሺܴ െ ܤሻሺܩ െ ܤሻሿH? H? ቍ  ? ? ? ?൘ 	ܤ ൐ ܩ (6b) 
 ܵ ൌ  ? െ  ?ܴ ൅ ܩ ൅ ܤ  ?ሾሺܴǡ ܩǡ ܤሻሿ (7) 
 ܫ ൌ ܴ ൅ ܩ ൅ ܤ ?  (8) 
The mean and contrast values, ܯH? and ܥH? respectively, of the pixel matrix are computed for each HSI 
colour component as 
ܯH?ൌ  ?ܯ ൈ ܰ ෍ ෍ ܷH?ሺ݅ǡ ݆ሻH?H?H?H?H?H?H?H?H?H? ?  (9) 
 
ܥH?ൌ ቌ  ?ܯ ൈ ܰ ෍ ෍ሺܷH?ሺ݅ǡ ݆ሻ െ ܯH?ሻH?H?H?H?H?H?H?H?H?H?H? ? ቍ
H? H? 
 (10) 
 
where ݇ ൌ ܪǡܵܫ and ܷH?ሺ݅ǡ ݆ሻ is the ݅th-݆th pixel element of the MൈN frame. An additional 
parameter, ܣH?, corresponding to the relative flame area is obtained after a background removal 
operation. For this purpose, each frame was converted into a binary image using a threshold 
estimated from the grey-level histogram from which each pixel ܷH?ሺ݅ǡ ݆ሻ [46]: ܷH?ሺ݅ǡ ݆ሻ ൜ ?ǡ ൐  ?ǡ ൑ ൠ (11) 
 
The relative area of the flame is then defined as: 
ܣH?ൌ  ?ܯ ൈ ܰ ෍ ෍ ܷH?ሺ݅ǡ ݆ሻH?H?H?H?H?H?H?H?H?H? ?  (12) 
 
The seven parameters obtained after the transient array of HSI images are then merged into a single 
value, the oscillation index, by using the corresponding standard deviation and maximum dynamic 
values: 
ߜ ൌ ෑ ቆ߶ሺܺH?ሻ െ ߪH?೔߶ሺܺH?ሻ ቇH?೔H?H?H?H?  (13) 
 
where  ܺH?א ሼܯH?ǡ ܯH?ǡ ܯH?ǡ ܥH?ǡ ܥH?ǡ ܥH?ǡ ܣH?ሽ and  ߪH?೔  correspond to the standard deviation of the flame 
parameter ܺH?; ߶ሺܺH?ሻ is the dynamic range of the measured signal for each computed parameter of 
the flame, where ߶ሺܺH?ሻ ൌ  ?Ǥ ? for ܯH?ǡ ܯH?ǡ ܯH?ǡ ܣH? and ߶ሺܺH?ሻ ൌ  ?Ǥ ? ? for ܥH?ǡ ܥH?ǡ ܥH?. In addition, ݓH? 
represents a weighting factor for each of the computed parameters; ݓH? values are set to represent 
the importance of one parameter against each other, for this particular study ݓH?ൌ  ? for all 
parameters, thus acknowledging them as equally important [45].  
4. Experimental results and discussion 
The experimental campaign was carried out on the PACT 250 kW air/oxy-fired CTF, at the UKCCSRC 
PACT Core Facilities located in South Yorkshire, UK. A batch of  ‘ůĞƌƌĞũſŶ ? ?Ăhigh volatile 
bituminous South American coal, was used alongside milled white wood biomass from the United 
States. The calorific values and composition properties of both fuels are shown in Table 1.  
 ?ůĞƌƌĞũſŶ ?ĐŽĂů White wood biomass 
Ultimate analysis (%, 
DAF) 
Proximate analysis (%, as 
received) 
Ultimate analysis (%, 
DAF) 
Proximate analysis (%, as 
received) 
Sulphur 0.52 Moisture 7.63 Sulphur <0.02 Moisture 6.69 
Carbon 80.92 Ash 2.90 Carbon 48.44 Ash 0.70 
Hydrogen 5.12 Volatile matter 35.50 Hydrogen 6.34 Volatile matter 78.10 
Nitrogen 1.65 
Fixed carbon (by 
diff.) 
53.98 Nitrogen 0.15 
Fixed carbon (by 
diff.) 
14.51 
Oxygen (by 
diff.) 
11.79   
Oxygen (by 
diff.) 
37.69   
Gross calorific value [MJ/kg] 29.61 Gross calorific value [kJ/kg] 19.41 
Net calorific value [MJ/kg] 28.41 Net calorific value [kJ/kg] 18.10 
 
Table 1. Properties of the fuels used on the experimental campaigns. 
Four cases were recorded for each fuel, consisting of one air-fired and three oxyfuel cases with 
overall O2 concentrations of 24, 27 and 30-vol % supplied by an O2/CO2 mixing-skid. The O2 
concentration in the fuel-carrier flow channel (primary) was retained at 21 %vol for all oxyfuel cases 
in order to ensure safe operation of the rig. Thus the target concentration for each case was 
achieved through mixing a higher O2 concentration stream from the secondary and tertiary 
channels. Due to the discrepancies in the internal design of each burner, the ratio of oxidant mixture 
conducted through the primary channel was set up as 20% of the overall fluid flow entering the 
furnace for coal combustion tests and as 18% for the biomass; the remaining flow is then split into 
secondary and tertiary streams in the wind box of the burner. Several preliminary tests were carried 
in order to adjust the aerodynamics of the flame across the different combustion scenarios 
proposed in order to reduce NO formation whilst maintaining an optimum fuel burnout. The thermal 
load was set for all the experimental campaigns as 200 kWth for coal and 200 kWth for the biomass 
cases. The operating conditions of the rig under air and oxyfuel cases are summarised in Table 2. 
Coal combustion campaign Biomass combustion campaign 
 Primary flow 
Secondary-Tertiary 
flow 
 Primary flow 
Secondary-Tertiary 
flow 
Case 
Air  
[l/min] 
Air  
[l/min] 
Case 
Air  
[l/min] 
Air 
 [l/min] 
Air 825 3250 Air 676 3076.6 
 
O2 
[l/min] 
CO2 
[l/min] 
O2 
[l/min] 
CO2 
[l/min] 
 
O2 
[l/min] 
CO2 
[l/min] 
O2 
[l/min] 
CO2 
[l/min] 
Oxy24 138 523 657 1992 Oxy24 119 449 641 1951 
Oxy27 124 464 674 1677 Oxy27 107 399 654 1648 
Oxy30 111 419 685 1428 Oxy30 94 360 666 1398 
 
Table 2. Operating conditions used in the experiments. 
The flame imaging system was paired to the furnace using a port located in the top section of the 
furnace in order to get a direct view of the flame. All of the remaining ports were sealed in order to 
prevent air leaking into the furnace. In order to reduce the risk of missing data due to system 
saturation, a recording speed of 200 fps was used for the experimental campaigns. The exposure for 
all of the recorded cases was set at 1.5 ms, and both the focus and aperture of the sensor were 
manually tuned prior to the campaigns and were retained throughout the whole study. 
Two different regions of interest were used to compute the stability of the flame, the first 
corresponds to the allocation of the maximum captured length of the flame, and the second region 
is focused on the domain close to the burner, often referred to as the root region, in which due to a 
larger amount of volatiles, flow mixing and emissions formation phenomena are dominant [44].  A 
set of 8000 images of 320ൈ256 pixels were extracted from 40 s videos for all of the cases. The 
captured frames were post processed using a computational algorithm coded into Matlab R2015a, 
to extract the relevant digital luminance and temperature signals. A preliminary assessment showed 
that the oscillation in the temperature signal was highly damped by the hot walls of the furnace 
captured as background. In order to mitigate this impact the global threshold algorithm proposed by 
Otsu [46] was implemented to select the pixels that will be used for the temperature calculation, 
thus isolating the flame region from the background. A second set of images for the air, Oxy27 and 
Oxy30 cases was used in order to assess the repeatability of the study, a comparison of the results 
showed differences below 1% of the captured spectrum for all cases and regions analysed; 
additionally, the oscillation index exhibited an average difference of 4.4% for all cases. 
4.1. Coal combustion spectral analysis 
4.1.1. Full flame region 
Each of the extracted frames from the video were trimmed into a 190ൈ235 pixel area. The smaller 
images were then used to construct both the luminance and temperature signals. A single frame for 
each coal combustion case is shown in Figure 2, alongside their corresponding luminance and 
temperature processed values. The normalized frequency spectrums for both the luminance and 
temperature approaches are displayed in Figure 3. It has been previously reported that oscillation 
frequencies higher than 10 Hz are generally associated to the combustion of gas-phase volatile 
species, while frequency values around 1 Hz can be related to the slower rate for char combustion 
[47]. The referred spectrums were computed up to the maximum Nyquist frequency of 100 Hz, 
however no significant values of the power spectral density, ܲሺ݂ሻ, were observed beyond 10 Hz; 
therefore plots of the frequency spectrums are shown up to that value throughout this study. 
 
Figure 2. Original and processed frames from the coal combustion studies using full flame region; a) air-fired, 
b) Oxy24, c) Oxy27 and d) Oxy30. 
 Figure 3. Frequency spectrums constructed for the luminance (left) and temperature (right) approaches for the 
coal flame. 
As it can be observed from Figure 3, the frequency spectrums for the oxyfuel cases are more 
unsettled in comparison to the air fired cases. Nevertheless, the majority of the relevant frequencies 
are contained below 4 Hz. The weighted value of the oscillation frequency for the luminance 
approach, presented in Figure 4, shows a narrow difference, suggesting a similar char burnout rate 
between all of the cases, with all of the frequencies being between 1.8 and 1.9 Hz. On the other 
hand, the temperature-based frequencies show a larger oscillation for the Oxy24 and Oxy27 in 
comparison to the air fired case, with values of 2 and 2.6 times higher, respectively. The trend then 
shows a sharp decrease for the frequency of the Oxy30 case, dropping to a value of 3.6 Hz, which is 
closer to the frequency measured for the air case at 2.6 Hz, which could be a possible consequence 
of the lower diffusivity of oxygen in a CO2 enriched environment and lower adiabatic flame 
temperatures [7].
 
Figure 4. Weighted oscillation frequencies for the luminance (left) and temperature approach for coal 
combustion. 
 
4.1.2. Root region  
A pixel area of 190ൈ100 from the same set of frames used for the previous calculation was used for 
the root region. The region of interest was carefully positioned within the original frame in order to 
fully include the burner outlet. The processed luminance and temperature frames are displayed in 
Figure 5.   
 
Figure 5.  Original and processed frames for the coal combustion studies using root region of the flame; a) air-
fired, b) Oxy24, c) Oxy27 and d) Oxy30. 
The normalised spectrums for both methodologies, presented in Figure 6, show a similar 
arrangement to those obtained for the full flame, with the cluster of relevant frequencies 
concentrated in the low range and with no noticeable values for the power spectral density above 
the 6 Hz band for the majority of the cases. However, the weighted values for the oscillatory 
frequencies, Figure 7, are higher in magnitude. The values obtained from the luminance signal were 
closely grouped between 2.3 and 2.55 Hz, while the weighted values for the temperature approach, 
as expected for a high volatile content zone, show a bigger difference between the air fired 
oscillation frequency calculated at 2.2 Hz and the oxyfuel estimations at 9.3, 8.2 and 6.3 Hz for the 
Oxy24, Oxy27 and Oxy30 scenarios, respectively. 
 
Figure 6. Frequency spectrums computed for the root region of the coal flame using the luminance (left) and 
temperature (right) approaches. 
 Figure 7. Weighted frequencies after the luminance (left) and temperature (right) oscillations in the root 
region of the coal flame.  
 
4.2. Biomass combustion spectral analysis 
4.2.1. Full flame region 
A similar procedure to that applied to the coal combustion cases was carried out for the extracted 
frames during the biomass combustion campaign. The biomass flame for the Oxy24 case is found to 
be wider in comparison to the generated flames for all of the other combustion scenarios, 
nevertheless the same pixel area of 190x235 was retained for the sake of consistency between 
calculations. A sample image for all the tested conditions besides its corresponding luminance and 
temperature counterparts are shown in Figure 8.  
 
Figure 8. Original and processed frames for the biomass combustion cases using full flame region; a) air-fired, 
b) Oxy24, c) Oxy27 and d) Oxy30. 
The frequency spectrums composed using the luminance and temperature transient signals appear 
to be sharper in comparison to those obtained from coal flames. Up to three distinctive frequencies 
can be observed for each case from both the luminance and temperature-based spectrums, Figure 9. 
Both the air-fired and the oxyfuel cases show a relevant frequency around 1 Hz for the transient 
luminance analysis. In addition, the air and Oxy27 cases share significant contributions to their 
oscillatory behaviour from frequency bands at 1.8 and 2.9 Hz. The weighted values for the 
luminance-formulated oscillation frequency are arranged between 2.5 and 3 Hz for the air, Oxy24 
and Oxy30, with the value for the Oxy27 case being slightly below at 2 Hz which is mainly due to the 
larger power spectral density value, ܲሺ݂ሻ, for the low range frequencies.  
 
Figure 9. Frequency spectrums constructed for the luminance (left) and temperature (right) approaches after 
the full region of the biomass flames. 
The spectral analysis of the temperature signals show similar results as the luminance study, with 
the air, Oxy27 and Oxy30 cases exhibiting their most significant frequencies around 1 Hz. In addition, 
the air and Oxy27 case appear to share a second frequency at 1.9 Hz. In contrast, the spectrum after 
the temperature signal for the Oxy24 case turned out to be more dispersed across the lower range 
of frequencies, with a single discernible cluster of frequencies around 0.2 Hz. Likewise, the weighted 
values, presented in Figure 10, show an oscillation frequency for air and Oxy27 cases of 
approximately 5.2 Hz, while Oxy30 show a relatively lower frequency at 4.3 Hz. As a result of a more 
diffuse spectrum, the Oxy24 case generated a higher oscillation frequency of 7 Hz.  
 
Figure 10. Weighted frequencies for the full region of the biomass flames after the luminance (left) and 
temperature (right) approaches. 
  
4.2.2. Root region  
Following a similar procedure as for the coal combustion cases, a pixel area of 190ൈ100 from the 
same set of frames used in the previous section was processed in order to generate their 
corresponding signals for the luminance and temperature parameters in the root region. Single 
frames are shown in conjunction with their corresponding processed values for both techniques in 
Figure 11. 
 
Figure 11. Original and processed frames for the biomass flames using root domain; a) air-fired, b) Oxy24, c) 
Oxy27 and d) Oxy30. 
In all of the cases, in a similar fashion as for the full flame region, a noticeable contribution from the 
frequencies around 1 Hz is clearly noticed in the spectrum constructed for the luminance signal, 
displayed in Figure 12. However, an additional frequency was observed in the lower region of the 
spectrum, which in the case of the Oxy30, test represents the peak value for the power spectral 
density of the whole spectrum. These low frequencies reside within 0.2 and 0.4 Hz in all cases. The 
weighted values for the frequencies presented in Figure 13, show that the values obtained using the 
luminance approach are distributed in pairs, with values for the air and Oxy30 case of 3.1 and 3.2 Hz, 
and 3.6 and 3.8 Hz for the Oxy27 and Oxy30 cases, respectively. 
 
Figure 12. Frequency spectrums for the luminance (left) and temperature (right) methodologies computed for 
the root region of the biomass flames. 
The frequency spectrums obtained from the temperature method show  that the contribution from 
each computed band is spread along a much wider range for the Oxy24 and Oxy27 scenarios, while 
both for air and Oxy30 a single dominant frequency is noticeable. Low value frequencies up to 0.5 
Hz, akin to those obtained for the full flame are observed only for the oxyfuel cases. A similar trend 
for the weighted frequencies to those obtained for the full flame is noticed however their values are 
narrowly arranged, with air and Oxy30 sharing a value of 5.8 Hz, whereas Oxy24 and Oxy27 cases 
oscillate at 13 and 13.1 Hz, respectively. 
 
Figure 13. Weighted frequencies for the luminance (left) and temperature (right) approaches on the root 
region of the flame. 
 
4.3. Oscillation analysis 
4.3.1. Full flame region 
The oscillation index, ߜ, was computed after converting the same set of frames used for the spectral 
analyses to the hue, saturation and intensity (HSI) space. The oscillation index is established as a 
relationship between the mean value and the standard deviation of the HSI parameters and the area 
of the flame, thus providing a value to account for the extent of the flame oscillation. By definition, a 
value of 1 for the oscillation index represents a flame in which all of the measured parameters 
remain constant through the analysed period, while a value of 0 describes the highest possible 
oscillation, and can only be obtained if the one of the parameters is ranging between its maximum 
and minimum values across each sampled image. In consequence, the stability of a flame can be 
established as directly proportional to the value of its oscillation index. 
The trend of the oscillation index for the coal combustion cases, Figure 14, shows higher values for 
the oxyfuel cases, ranging between 0.75 for Oxy24 and Oxy30, and 0.82 for the Oxy27 case, in 
comparison to the more unsettled air fired test with a value of 0.66.   
Moreover, the oscillation index for the full flames in the biomass combustion campaign, exhibit a 
higher value for both the lower and higher oxygen enriched scenarios tested; the oscillation index 
value was 0.78 and 0.83 for the Oxy24 and Oxy27 cases, repectively. In a similar fashion to coal 
combustion, the air-fired case showed the lowest value of the oscillation index for the biomass 
campaign at 0.71, while the Oxy27 case generated a value of 0.74. The range of the oscillation index 
for all of the biomass cases was narrower in comparison to the observed trends in the coal 
combustion campaign, therefore the stability of the flame appears to be less affected when 
switching to the oxyfuel combustion environment for biomass cases. 
 
 
Figure 14. Oscillation index for the full flame region. 
 
4.3.2. Root region 
The oscillation index for the root region of both coal and biomass flames, presented in Figure 15, 
shows that, in agreement with the results for the full flame domain, the oxyfuel cases appear to 
oscillate less than the air combustion scenario. The root region of the coal flames showed that the 
oscillation index value for the air fired case was 0.65, while the values for the oxyfuel conditions 
increased in direct proportion to the oxygen concentration from 0.74 for the Oxy24 case, 0.80 and 
0.81 for the Oxy27 and Oxy30 cases, respectively. In addition, the biomass combustion shows the 
same trend to that acquired using the full flame region; however, the flame root of the Oxy27 case 
shows the lowest oscillation index value at 0.68, whereas for Oxy24 and Oxy30 it is 0.78 and 0.85, 
respectively; the oscillation index for the air-fired case was acquired at 0.73. A direct comparison 
with the values obtained for the full flame region shows that the relative trends of the index appears 
to be insensitive to the sampled area. 
 
Figure 15. Oscillation index for the flame root region. 
5. Conclusions 
 
An assessment of the flames produced by coal and biomass was made based on a digital imaging 
system. A spectral analysis of the transient digital luminance and the temperature variations 
calculated from the still images of the flame were used as an indicator of the flame oscillatory 
behaviour and their repeatability over time. A third parameter, in the form of the overall oscillation 
index, was introduced. The oscillation index is computed after the fluctuations in the colour, 
intensity and saturation of each image, thus determining how severe the fluctuation of the flame is. 
The methodology was used for the full and the root flame region under different combustion 
scenarios across two experimental campaigns on a pilot-scale furnace.  
The frequency spectrums constructed after the temperature oscillations were shown to be more 
spread, hence making it less sensitive to the presence of brighter particles that are characteristic of 
solid fuel combustion.  Additionally, the frequency spectrums for the biomass were shown to be 
much sharper in comparison to the coal ones, with up to three discernible frequencies. A relevant 
frequency around 1 Hz was observed for the computed spectrums across all of the biomass 
combustion cases, which appears to be directly related to the fuel. In addition, the lack of relevant 
frequencies beyond 10 Hz suggests that those captured by the spectral analysis corresponds to the 
motion of bright particles in the flame region, rather than those associated with the volatile 
combustion phenomena. 
The flame stability definition comprises a wide range of dynamic variables inherent to the 
combustion and fluid flow phenomena, complicating the convention on a singular approach in order 
to quantify it. After analysing the temporal repeatability and the magnitude of the flame parameter 
oscillations it can be concluded from the experimental results that, in general, the oxyfuel flames 
studied in this campaign appear to be more stable than their counterpart under air-fired conditions. 
In addition, the oscillation indices of the biomass combustion flames exhibited a narrower variation 
in comparison to the trends for coal combustion across the oxyfuel conditions, demonstrating that 
the flame stability appears to be less sensitive to the oxyfuel combustion environment for the 
biomass fuel in this study.  
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